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ABSTRACT 

We report the discovery of a substellar companion to the nearby solar-type star HD 46588 (F7V, 
17.9 pc, T '^ 3 Gyr). HD 46588 B was found through a survey for common proper motion companions 
to nearby stars using data from the Wide-field Infrared Survey Explorer and the Two-Micron All-Sky 
Survey. It has an angular separation of 79.2" from its primary, which corresponds to a projected 
physical separation of 1420 AU. We have measured a spectral type of L9 for this object based on 
near-infrared spectroscopy performed with TripleSpec at Palomar Observatory. We estimate a mass of 



0.064 



+0.008 
-0.019 



Mq from a comparison of its luminosity to the values predicted by theoretical evolutionary 



models for the age of the primary. Because of its companionship to a well-studied star, HD 46588 B is 
one of the few known brown dwarfs at the L/T transition for which both age and distance estimates 
are available. Thus, it offers new constraints on the properties of brown dwarfs during this brief 
evolutionary phase. The discovery of HD 46588 B also illustrates the value of the Wide-field Infrared 
Survey Explorer for identifying brown dwarfs in the solar neighborhood via their proper motions. 
Subject headings: binaries: visual — brown dwarfs — infrared: stars — proper motions — stars: 
individual (HD 46588, 2MASS J06462756-I-7935045, WISER J064627.10-h793457.8) 



1. INTRODUCTION 

L and T dwarf companions to nearby stars are valuable 
for studying the structure and evolution of brown dwarfs 
as well as their origin. Because the ages and metallic- 
ities of these companions often can be determined via 
their primaries, they can be u sed to calibrate atmo- 
spheric and evolutiqnarv models (iKirkpatrick et al.ll20"05l: 
Gushing et alll2008t iHelling et al.ll2008l: iBurgasser et al.l 



2010bD . Meanwhile, theories for the formation of 
brown dwarfs can be tested with measurements of the 
fraction of stars that harbor wide low-mass compan- 
ions and the frequency of tigh t binaries among these 
companions dR eipurth fc Clarke! 120011 iBate et akl 120031 : 
iStamatellosfc Whitworthi2009il . 

Multiple strategies have been employed in identify- 
ing cool companions to stars in the solar neighborhood. 
One approach is to define a sample of stars and search 
for companions to them fB ccklin & Zuckcr manl Il988|: 



Nakaiim a et al.iri995l: iPotter et al.ii20 02: Lowrance et al.! 
2005;" Bil ler et a.1.1 120061: iMetchev fc Hillenbrand 2006; 
Mugrauer et al.l 120061: iLuhman et all i2007l |2011| ). Al- 



ternatively, one can begin with a sample of known 
brown d warfs and check whether they are companions 
to stars (IBurgasser et all 120001: IKirkpatrick et al.l 120011: 



Wilson et al.ll2001l:lScholz et al.ll2 003': Bu rninghain et alJ 

jjGpldman et al.' '2010; 
Dav - Jones et al. 2011). 



2003; 'Fahertv et a l.l |20P 



Scholz 2010; Zhan g et al 
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Late-type companions also can be uncovered through 
a search for pairs of comoving objects across a large 
area of sky (jRadigan et al.l[2008[ l. Proper motion mea- 
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surements are essential in all of these strategies, ei- 
ther for the initial identification of candidate compan- 
ions or for confirming candidates that were selected 
through photometry. These proper motions can be mea- 
sured through dedicated imaging or archival data from 
wide-field surveys like the Two Micron All-Sky Sur- 
vey (2MASS, Skrut skic ct al. 2 006), the Sloan Digital 
Sky Survey (SDSS, lYork et al.l 120001. and the United 
Kingdom Infrared Telescope Inf rared Deep Sky Survey 
(UKIDSS, iLawrence et al.ll2007f ). A new source of as- 
trometry has recently become available vi a the Wi de-field 
Infrared Survey Explorer (WISE, Wrig ht et aLl l2010'). 
This mission has performed the first all-sky survey at 
infrared (IR) wavelengths since 2MASS, thus providing 
an opportunity to measure proper motions for 2MASS 
sources across the entire sky. Indeed, proper motions in- 
corporating WISE data have already been exploited for 
searching for free-floating L and T dwarfs (jScholz et al.l 
[2011; Gizis ct al. 2011). 

We have begun a search for faint common proper mo- 
tion companions to nearby stars using astrometry from 
2MASS and WISE. In this paper, we report the dis- 
covery of a substellar companion to the solar-type star 
HD 46588. We describe the methods that uncovered this 
object as a possible companion (§ [2]) and present spec- 
troscopy that confirms its cool nature (§ [3|). We then 
examine the physical properties of this new companion 
(§ H]) and discuss its relevance to studies of L and T 
dwarfs (§[!]). 

2. 2MASS-WISE PROPER MOTION SURVEY 

Between 1997 and 2001, the 2MASS telescopes col- 
lected images of the entire sky in broad-band filters 
centered at 1 25, 1 .65, and 2.16 ^m (J, H, Ks, 
ISkrutskie et all l2006l) . In 2010, the WISE satellite 
mapped the sky a t 3.4, 4.6, 12, and 22 fim (W1-W4, 
iWright et al.ll20fol ). The typical magnitudes that corre- 
spond to SNR=5 for 2MASS and WISE are J = 16.5, 
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H = 15.8, K, = 15.0, Wl=16.5, W2=15.5, W3=11.2, 
and W4=7.9 in unconfused areas of sky and (for WISE) 
in the ecliptic. WISE achieves better sensitivity at higher 
echptic latitudes because of greater depth of coverage. 
Given these photometric limits and the n ear- and mid-IR 
colors of L and T dwarfs (jLeggett et al.| [201Q) . a survey 
that requires detections in both 2MASS and WISE will 
be limited by the sensitivity of 2MASS at J . 

The astrometric precision of 2MASS is slightly less 
than O'.'l for SNR> 10 and appro aches 0.2" at the detec- 
tion limit (Skrutsk ie et al.l |2006D. For WISE, the pre- 
cision is 0.2" for brighter sources (Wl< 13) and ap- 
proaches 1" in declination for some of the fainter ob- 
jects because of an error in the preliminary data pro- 
cessing. Given the elapsed time of ~ 10 years between 
2MASS and WISE, proper motions measured from their 
astrometry should have accuracies of < 10% at brighter 
magnitudes for /i > 0.2" yr~^. Therefore, we have con- 
sidered for our survey all known main sequence stars, 
white dwarfs, and brown dwarfs in the solar neighbor- 
hood with proper motions exceeding this threshold (e.g. 



Subasavage et al.ll2005t[Lepinell2005ll2008HFahertv et al.l 



m^ . 



To search for possible late-type companions to a given 
primary, we begin by retrieving lists of coordinates and 
photometry for all objects within a radius of 1° that ap- 
pear in the 2MASS Point Source Catalog and the WISE 
Preliminary Release Source Catalog. We match the two 
lists to identify pairs of 2MASS and WISE sources whose 
astrometric offsets correspond to the expected motion 
of the primary based on its known proper motion. To 
be considered a candidate companion, we also require 
that an object's colors and magnitudes (or limits) from 
2MASS and WISE are consistent with those of M, L, and 
T dwarfs at the distance of the primary. To characterize 
the colors of the latter, we retrieved photometry from the 
2MASS and WIS E catalogs for late-ty pe dwarfs that have 
known distances (jLeggett et al.ll20l"0l references therein). 
This process typically produces < 2 candidate compan- 
ions for most primaries. Stars that have low galactic 
latitudes or small proper motions can have dozens of can- 
didates. We then visually inspect the 2MASS and WISE 
images to identify and reject false candidates, which of- 
ten consist of one component of a resolved pair of 2MASS 
sources matched to an unresolved blend of the pair in 
WISE. 

Through our analysis of the 2MASS and WISE data 
for nearby stars, we have identified a new compan- 
ion to the F7V star HD 46588. The companion is 
designated as 2MASS J06462756-t- 7935045 and WISEP 
J064627.10-I- 793457.8, and we refer to it as HD 46588 B. 
It has a projected separation of ^ 80", corresponding 
to 1420 AU at th e distance of the primary (17.9 pc, 
lvanLeeuwenll2007| ). We show 2MASS and WISE im- 
ages of the pair in Figure [TJ The agreement between 
the motions of HD 46588 A and B is demonstrated 
in Figure [2l where we plot the differences in equato- 
rial coordinates between 2MASS and WISE for all stars 
within a radius of 1° and with W2 uncertainties less than 
0.1 mag. For stars that have W2 fluxes within ±0.5 mag 
of HD 46588 B, the standard deviations of the differences 
in right ascension and declination are 0"21 and 0"37, re- 
spectively. The colors and magnitudes of HD 46588 B 
from 2MASS and WISE are consistent with those of a 



cool dwarf at the distance of the primary, as illustrated 
in the color-magnitude diagrams in Figure [3l The col- 
ors of HD 46588 B suggest that it is near the boundary 
between L and T dwarfs. 

3. SPECTROSCOPY 

To confirm its cool nature, we obtained a near-IR spec- 
trum of HD 4 6588 B with the TripleSpec spectrograph 
(jHerter et al.1 12008') on the Palomar 5-m Hale telescope 
on the night of 2011 May 12. TripleSpec produces spec- 
tra that extend from 1-2.4 /xm and have a resolution of 
2700. We collected eight 5 min exposures of HD 46588 B 
in an ABBA dither pattern along the slit (1" x 30"). 
We also observed HD 45560 (AlV) to provide telluric 
correction. The slit was aligned to the parallactic an- 
gle for these observations. We re duced the data with 
a version of the Spextool package (jCushing et al.l [20041) 
that has been modified for use with data from TripleSpec 
(M. Gushing, private communication). This software cor- 
rec ts for telluri c abso rption with the methods described 
bv lVaccaet"aII(|200l . 

We present the reduced spectrum of HD 46588 B in 
Figure m It exhibits strong absorption bands from H2O, 
which confirms that it is a cool object. To measure its 
spectral type, we compared the spectrum of HD 46588 B 
to data from the SpeX P rism Spectral Librarie s for 
L and T dwarf standards (jBurgasser et al.l r2006a| ) . Al- 
though the metallic ity of HD 46588 appears to be subso- 
lar ([Fe/H]=-0.21. lCasagrande et al.|[20Tl[) . it is only - 
0.1 dex b elow the mean value for stars in the solar neigh - 
borhood (|Nordstrom et al.l 120041 : iHolmberg et al.ll2007| l. 
Thus, normal dwarf standards should be suitable for the 
classification of HD 46588 B. For comparison to the stan- 
dards, the spectrum of HD 46588 B was smoothed to the 
same resolution as the SpeX data (R~100). We find that 
HD 46588 B closely resembles standards with a near-IR 
spectral type of L9, as illustrated in Figure ID This clas- 
sification is consistent with that expected based on its 
photometry (Figure [3]). 

4. PHYSICAL PROPERTIES 

Our proper motion measurements and spectroscopy 
have demonstrated the companionship of HD 46588 B. 
Therefore, it should have the same distance, age, and 
metallicity as its primary. In Table [1] we list previ- 
ous measurements and estimates of these parameters for 
HD 46588. To estimate the bolometric luminosity of 
HD 46588 B, we converted its 2MASS K^ magnitude 
to th e Mauna Kea Observatory (MKO) photometric sys- 
tem (jStephens k, LeggettI 120041) and applied a bolomet - 



ric correction of BGx = 3.1 |Golimowski et al] I2004D . 
the distance of the primary, and the absolute bolometric 
magnitude for the Sun (Mboi© = 4.75). We arrive at a 
value of log L/Lq = —4.68 ± 0.05. Based on this lumi- 
nosity and the age of the primary, we estimate masses of 



0.067 



-1-0.005 



Mp, and 0.061 



4-0.005 



Mr.-, from the evolution- 



-0.017 ^vi0 auu_UAJUJ^_j^ig iW0 

ary in odels of iBurrows et al.l (|1997| ) and iBaraffe et al.l 
1 2 OOjJ) , respectively (see Figure [SJ. Both of these esti- 
mates are fully below the hydrogen bur n ing mass limit 
(^ .075 Mq, iChabrier fc B araffe 2000t IBurrows et all 
Il997f) . indicating that HD 46588 B is probably a brown 
dwarf. To encompass both ranges of masses, we adopt a 

* http://pono.ucsd.edu/~adam/browndwarfs/spexpris 
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mass of 0.064t°:°°^ iviq 



Mq. These models imply an effec- 
tive temperature of 1360lgQ K, which agrees with previ- 



ous estimates for late L dwarfs (iGolimowski et ahl 120041 : 
iVrba et all I2004D . The photometric, astrometric, and 
physical properties of HD 46588 B are summarized in 
Table [T] We note that the WISE Preliminary Release 
Source Catalog contains an additional photometric mea- 
surement in W3, but the detection is marginal. The com- 
panion is not detected in W4. 

5. DISCUSSION 

We have presented the discovery of a widely-separated 
L9 companion to the nearby F7V star HD 46588. Among 
previously known companions, G1584 C most closely re- 
sembles HD 46588 B in terms of the spectral types of 
the s ystem components (G1/G3/L8, iKirkpatrick et all 
l2001f ). Other late- L/early-T companions to stars in- 
clude G1337 CD (T0,|Wilsonet^'200T;'Burgasser et al." 
2005), HD 203030 B (L7.5, iMetchev & Hillenbrand 
2006D, HN Peg B (T2.5, Luhman_el_aL| [2QQ7D, and 



LHS 2397aB fL7. IDuDuv eral.,.2009iV 

Brown dwarfs near the L/T transition have served 
as laboratories for studying the complex atmo- 
spheric changes that o ccur between L and T dwarfs 
(jBurgasser et al.ir2010a[ ). Observations of binaries have 
played a central role in these studies. For instance, sys- 
tems with spectral types of late L or early T appear 
to have a high binary f r action compare d to other types 
(jBurgasser et al.ll2006bt iLiu et al.ll2006l ). This has been 
explained by rapid evolution of brown dwarfs through the 
L/T transition, which causes single transition objects to 
be rare and binaries containing earlier and later types 
to dominate system s that have cornposite t ypes near 
the L /T boundary (jBurgasser et al.l l2006bl : iBurgasseil 
l2007f ). These binaries often appear over luminous rela- 
tive to other brown dwarfs at the same color or spectral 
type. HD 46588 B is somewhat overluminous in Mw2 vs. 
Ks — W2 but appears near the lower envelope of the L/T 
dwarf sequence in Mw2 vs. Wl — W2 (Figure [3]). Thus, 
it does not show clear evidence of binarity. Regardless of 
whether it is single or binary, since its distance is known, 
HD 46588 B offers an opportunity to better constrain 
the relations between spectral type and absolute magni- 
tudes (e.g., Mboi, Mk) near the L/T transition, which 
influence the modeling of binary statistics and surface 
densities of L/T objec ts as well as th e identification of 
overluminous systems (! Burgasserll2007f ) . In addition, be- 
cause of its companionship to a star, HD 46588 B has 



the best available age estimate of any known object at a 
spectral type of L9. By combining its age and luminosity 
with evolutionary models, we have been able to estimate 
its temperature, and thus constrain the temperature of 
the L/T boundary. The available measurements of A/boi, 
Mk, and temperature for HD 46588 B are consistent 
with those derived previously for companions with age s 
of >1 Gyr (IKirkpatrick et ai.|[200ll: iDupuv et all [20091) . 
but these relations could be more tightly constrained 
by improving the accuracy of near-IR photometry for 
HD 46588 B. 

Data from the WISE mission have been recently 
used to identify new free-floating late-type mem- 
bers of the solar neighbo r hood based on their 
colors (iMainzer etlill 120111; [B urgass er et al.l 120111: 
ICushing et al.l 2011 : Kirkpatrick e t al. 2 011T) and proper 
motions fScholz et al."'2 011l : IGizis et al.ll2011[) . Our dis- 
covery of HD 46588 B illustrates the added value of WISE 
for uncovering cool companions to nearby stars via their 
proper motions. This object also helps to c omplete the 
censu s of L dwarfs within 20 pc from the Sun (|Cruz et al.l 
I2OOI . 
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TABLE 1 
Properties of HD 46588 A and B 



Parameter 


Value 


Reference 




HD 46588 A 


Distance 


17.87±0.05 pc 


1 


Ma 


-99.16±0.19 mas yr" 


1 1 


IJ-S 


-603.76±0.26 mas yr 


-1 1 


Spectral Type 


F7V 


2 


Age 


2.8±1.5 Gyr 


3 


[Fe/H] 


-0.21 


3 


HD 46588 B 


Separation 


79.2±0.2" (1420 AU) 


4 


Position Angle 


27.46±0.15° 


4 


Ma 


-112±19 mas yr'^ 


4,5 


M« 


-606±33 mas yr"! 


4,5 


J 


16.26±0.09 mag 


4 


H 


15.08±0.07 mag 


4 


Ks 


14.60±0.09 mag 


4 


Wl 


13.58±0.03 mag 


5 


W2 


12.93±0.03 mag 


5 


Spectral Type 


L9±l 


6 


log L/Lq 


-4.68±0.05 


6 


TcS 


1360+1° K 


6 


Mass 


0.064l°;0?« Mo 


6 
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Fig. 1.— 2MASS and WISE images of HD 46588 A and B. The size of each image is A' x 4', 
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Fig. 2. — Differences in coordinates of sources within 1° of HD 46588 between 2MASS and WISE (points). The motion of one of these 
sources (1 o" error bars) is consistent with the expected motion of HD 46588 (circle). The vertical elongation in the distribution of offsets 
is a reffection of the systematically larger uncertainties in the preliminary measurements of declination for faint sources from WISE (§[2]|. 
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Fig . 3. — Mw2 vs. Kg — W2 and M\y2 vs. Wl — W2 for HD 46588 B (star) and L and T dwarfs that have known distances l|Leggett et al.l 
120101 . references therein) and that have WISE and Kg (or transformed Kmko) measurements available (filled and open circles). 
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Fig. 4.— Spectrum of HD 46588 B (solid line) compared to data for the near-IR standards 2MASSW J1632291+ 190441 (L8, 
IBurgasser eT al. 2004), DENIS-P J0255-4700 (L9, Surgasscr ct al. 2006a), and SDSS J120747. 17+024424.8 (TO. Loop er et al 20071 ). We 
classify HD 46588 B as L9 based on this comparison. Each spectrum is normalized at its maximum flux in the H band. 
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Fig. 5. — Luminosity of HP 46588 B compared to the luminosities as a function of age predicted by the theoretical evolutionary models 



J^IG. 5. — Lum i nosity oi tl U 4o588 B compared to the luminosities as a function of age pi 
of lBurrows et aLl 1)19971 ) and lBaraffe et aJ] l|2003l ) for constant values of mass and temperat 



